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This review is intended to up-date the literature which has appeared since the previous article by 
Armstrong et al. [ 1 ] concerning the behaviour of the cadmium electrode in alkaline solution. In general 
the early literature will not be discussed since this is adequately covered elsewhere [2-7]. The wider 
aspects of the electrochemical behaviour of cadmium in various electrolytes can be found in the exten- 
sive review by Hampson and Latham [6]. 

1. Introduction 

This review is subdivided into main sections as 
follows: Section 2: The composition and reduction 
of anodic films on cadmium; Section 3: Anodic 
behaviour of planar cadmium electrodes; Section 
4: Cyclic charge-discharge behaviour of porous 
cadmium electrodes; Section 5: Long-term 
deficiencies of porous cadmium electrodes and 
Section 6: Theoretical studies concerning porous 
cadmium electrodes. Greater weight will usually 
be attached to the more technologically import- 
ant aspects of Cd-electrode behaviour, with par- 
ticular emphasis on the nickel-cadmium battery 
system. 

2. The composition and reduction of anodic films 
on cadmium 

In the past relatively few studies have been 
devoted entirely to consideration of the reduction 
of anodic films on cadmium. This is surprising in 
view of the importance of such processes in under- 
standing the mechanism of charging of the cad- 
mium electrode in alkaline battery systems. 

2.1. Structural considerations o f  Cd(Ott)2 

As discussed in the review by Armstrong et at [1] 
/3-Cd(OH)2, 7-Cd(OH)2 and CdO can be present in 
anodic films on Cd and these materials have differ- 
ent structures. The term/3-phase is commonly used 

to describe both the poorly crystalline a-phase [1, 
8], precipitated initially in alkaline solution, and 
also the well-crystallized/3-phase having defined 
lattice parameters (ao = 349.6 and Co = 470.2 pro) 
[8]. Both a- and/3-Cd(OH)2 belong to a hexagonal 
layer lattice system of the C6 type (Brucite). It is 
in principle possible for the unstable a-phase to 
have a greater degree of hydration than/3-Cd(OH)2 
and to exhibit a variable and increased interlayer 
spacing due to tlw presence of H20 between the 
OH- anion planes. Such structures are analogous 
[9] to those of a- and/3-Ni(OH)2, xH20. 

Because of the inherent tendency of layer 
lattices to show differences in the stacking 
sequence between the layers a variety of second- 
ary structures can be exhibited by the/?-phase 
which shows differing conductivity and electro- 
chemical properties, as discussed by Appelt [10, 
11 ]. On the other hand 7-Cd(OH)2 has a crystal 
structure entirely different from the Brucite type 
[8, 121. According to de Wolff [12J the y-phase 
is monoclinic with four molecules per unit cell 
with lattice parameters ofao = 567, bo = 1025 
and Co = 341 pm. Water is not required as an 
integral part of the structure as in a-Cd(OIt)=. 

In dynamic electrochemical experiments, 
7-Cd(OH)2 is sometimes invoked as the 'active' 
phase without supporting data from X-ray studies 
or i.r. spectroscopy. It is more likely in some cases 
that the differences in cathodic behaviour are due 
to subtle differences between the/3-phase 
materials. 
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Because of the rapid conversion of the a-phase 
in strong base [13] and its poor crystallinity, the 
latter has not been well characterized. Neverthe- 
less, a-Cd(OH)2 is a possible short-term intermedi- 
ate in the cyclic charge-discharge behaviour of 
the cadmium electrode, and could give rise to 
enhanced solubility before ageing to/3-Cd(OH)2, as 
will be apparent later in this review. 

2.2. Mechanism of  reduction of  Cd(OH)2 and CdO 

Certain authors [14-17] held the view that the 
reduction of Cd(OH)2 takes place by a solid-phase 
process whereas others [18, 19] have proposed 
soluble intermediates. Both Breiter and Vedder 
[20] and Okinaka and Whitehurst [19] have 
demonstrated, using X-ray diffraction, the 
presence of monoclinic "y-Cd(OH)2 in addition to 
the normal hexagonal ~-phase in anodic products. 
The "y-phase is found to be most stable at low 
temperatures but appears to reduce more readily 
at both ambient and low temperatures [19]. 

Using a rotating disc electrode Okinaka [21] 
found evidence for both solid-phase and solution- 
phase transport of cadmium species, with the con- 
tribution from the solution species assuming 
greater importance as the reduction progressed. 
Will and Hess [22] have examined the cyclic charge- 
discharge behaviour of a so-called 'simulated single 
pore electrode' (essentially planar) obtained by 
electrophoretic deposition of CdO (10-400/am 
thick) on a coppersubstrate. It was claimed that 
charging took place at low over-potential and pro- 
vided evidence for a solid-state reduction process. 
The large Cd(OH)2 crystallites (mainly/~-phase) 
formed during the early stages of cycling were 
found to be difficult to recharge (via soluble inter- 
mediates) except at low current densities and after 
prolonged times. Some ~'-Cd(OH)2 was also in evi- 
dence and was presumably formed via rehydration 
of CdO (see Section 2.3). 

Armstrong and West [23], employing cyclic 
voltammetry in conjunction with a Cd rotating 
disc electrode in 10 M KOH, found that during the 
early cycles the charge recovered on the cathodic 
sweep was only approximately one-third of that 
used in the anodic process. As cycling progressed 
the anodic and cathodic peak areas (charge) 
became more equivalent. It was suggested, reason- 
ably, that the reduction peak at -- 960 mV with 

respect to Hg/HgO was due entirely to reduction 
via a solid-phase reaction since the voltammo- 
grams changed little with the rotation speed of the 
electrode. It was concluded from the decline of 
the anodic peak area on cycling that unreduced 
Cd(OH)2 film remained on the disc, indicating a 
marked inefficiency in the reduction process. 
However this explanation tends to underestimate 
the important part which soluble intermediates, 
e.g. Cd(OH)42-, can play in the reduction process in 
an unstirred electrolyte, which in reality is more 
appropriate to the battery environment. 

Galushko et al. [24] have re-examined the con- 
ditions under which CdO can be formed on a 
cadmium surface. It was shown that the colour of 
the anodized layer changed from light grey to 
black and then to yellowish black with increase in 
temperature, electrolyte concentration and current 
density. X-ray diffraction measurements (no data 
presented) were claimed to indicate that the 
yellow layer consisted of Cd(OH)2 whilst the 
black layer contained both Cd(OH)2 and CdO. 
During anodization of Cd at 70-80 ~ C fluctuations 
in potential were observed due to disruption of 
the f'flm by oxygen and its repassivation. It was 
claimed that anodization in 2 N KOH at 80 ~ C at a 
current density of 2-4 mAcm -2 in the oxygen 
evolution region was suitable for generating oxide- 
containing layers. 

Continuing their previous investigations 
Galushko and co-workers [25] studied the reduc- 
tion of heavily anodized films on Cd. The galvano- 
static reduction of the film was performed over a 
range of alkali concentrations (0.1 to 10 M) and 
current densities (1-12 mA cm-2). These workers 
observed a main charging plateau (as expected) 
near -- 800 mV NHE (~ -- 900 mV with respect 
to Hg/HgO) with a more diffuse second plateau 
extending to -- 1200 mV NHE. A third plateau at 
- -  1.3 V was found and a clear explanation not 
given, but it is suggested that it may be due to 
formation of intermetallic compounds between 
Cd and K § or, even less likely, to the formation 
of a hydride. Galushko et al. [25] considered 
that the low potential plateau is due to reduction 
of both CdO and Cd(OH)2 because these phases 
were detected by X-ray diffraction (data not 
presented). Because the Cd/CdO/KOH couple has 
a standard potential o f - -  765 mV compared with 
-- 810 mV NHE for Cd/Cd(OH)2/KOH it ought to 
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be possible to distinguish between the two pro- 
cesses. For example, previous workers [21, 26] 
have identified by voltammetry a small prewave 
attributed to CdO reduction at ~ - 775 mV 
with respect to NHE before the main reduction 
peak at -- 840 to -- 860 mV NHE. From the 
galvanostatic results presented by Galushko e t  al. 

[25] it is difficult to differentiate between the 
CdO and Cd(OH)2 reduction processes. These 
workers concluded that the reduction process pro- 
ceeded by a solid-state mechanism because of the 
invariance of the charging curves to stirring of the 
electrolyte (unspecified convective conditions). 

In a further paper Galushko e t  al. [27] found 
at 80 ~ C and low current densities that the initial 
step at -- 800 to -- 810 mV NHE was very small in 
0.1 and 1 M KOH and totally absent in 10 M KOH. 
This was considered to be consistent with the lack 
of passivation of Cd anodes at low current den- 
sities and high temperatures (80 ~ C). The process 
taking place at both 20 ~ C and 80 ~ C at higher 
potentials in the range -- 1100 to - 1250 mV 
NHE, which represented "~ 50% of the anodic 
charge, was not studied in detail. It was postulated 
that the first plateau was due to reduction of both 
CdO and an 'active' 7-Cd(OH)= whilst at higher 
potentials an inactive/3-phase was invoked. The 
involvement of 3'-Cd(OH)2 in the reduction pro- 
cess at temperatures as high as 80 ~ C is unlikely, 
although it may have been present in small 
amounts at 25 ~ C. 

Later studies by Galushko e t  al. [28] involved a 
voltammetric sweep technique. Two maxima were 
observed on reduction of the anodic films at --935 
and --975 mV with respect to Hg/HgO in both 4.5 
and 10 M KOH. The first maximum was found to  
increase with increasing potential of  anodization 
up to -- 500 inV. Furthermore, when the potential 
of anodization reached visible oxygen evolution 
(+ 1350 mV) a new peak at -- 1400 to - 1500mV 
appeared in the reduction process. In 10 M KOH 
the third peak tended to be smaller than observed 
in 4.5 M KOH whilst the first maximum increased. 
It was suggested that the peak at -- 1400 mV may 
be due to reduction of cadmium peroxide. 

In a further paper these workers [29] 
attempted to provide confirmation of the third 
peak. It was found that a sample of chemically 
prepared CdO2" H20 reduced on a Cd substrate at 

- -  1440 mV in agreement with their hypothesis. 

The remarkable stability of the peroxide was 
explained by the lower heat of atomization of Cd 
(26.97 kcal/g atom) compared to that of oxygen 
(159.16 kcal/g atom). 

The possibility of the involvement of peroxide 
and related species in the passive film on cadmium 
is supported by the electron spin resonance studies 
of Casey and Gardner [7]. These workers have 
been able to detect the presence of the paramag- 
netic ions O5 and O'~ in the electrolyte removed 
from the surface of a cadmium electrode operating 
in the oxygen evolution region. In the range 
+ 25 ~ C to -- 25 ~ C the superoxide ion O5 can be 
found whilst at lower temperatures ( -  40 ~ C) the 
ozonide ion O; is the only species which can be 
detected. Although this work can give no clarifi- 
cation as to whether CdO is present in the initial 
stages of passivation, the detection of oxygen 
intermediates implies that the underlying film is 
electronically conducting. 

Udupa e t  al. [30] consider that reduction of 
lightly compressed CdO powder takes place pre- 
dominantly via a solid-phase mechanism in low 
concentrations of NaOH (< 5 M). At higher con- 
centrations of alkali, evidence was obtained for the 
involvement of soluble intermediates from the 
increased crystallite size of the resulting Cd metal. 
The distinction between the operation of a 
dissolution-precipitation and solid-state mechan- 
ism of charging was made on the basis of the insen- 
sitivity of the latter process to stirring of the elec- 
trolyte. However, because an essentially porous 
electrode structure was being considered, the 
effective diffusion path length for cadmate depo- 
sition would be considerably smaller than for a 
planar case in the absence of solid material on the 
electrode surface. Thus relatively high rates of con- 
vective diffusion would be needed to distinguish 
with certainty between the two mechanisms. 
Nevertheless, the overall conclusions reached by 
Udupa e t  al. are probably valid. 

Obedkov and L'vova [31] have similarly investi- 
gated the reduction of films formed on cadmium 
at high anodic potentials (oxygen evolution). The 
reduction of the film was made galvanostatically 
over a range of current densities (0.05-500 mA 
cm -2) in a range of alkali concentrations (1-8.1 M 
KOH) at 20 ~ C, and in 8.1 M KOH at 60 and 

- -  40 ~ C. In 8.1 M KOH at 20 ~ C it was found that 
30-50% of the products were reduced with an 
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overpotential less than -- 100 mV. The reduction 
of the remaining Cd(OH)2 was found to take place 
at much higher overpotentials o f - -  500 mV. At 
moderate current densities (5 mA cm -2) a total 
equivalence (-+ 3%) between the anodic and 
cathodic processes was found. At lower current 
densities (0.25-2.5 mA cm -2) a discrepancy of 
10-20% was found where the cathodic charge 
recovered was greater than the anodic charged 
supplied. This suggests that cadmate was present 
in the bulk of the electrolyte prior to the measure- 
ments. At low current densities (~ 0.25 mA cm -2) 
no separation between the Cd(OH)2 and H2 
evolution process could be made. 

At low temperatures (-- 40 ~ C in 8.1 M KOH) 
and at ambient temperature in 1 and 2 M KOH the 
first reduction plateau was considerably shortened 
to 2-5 mC cm -2. It was concluded that this 
plateau related to the reduction of CdO passivating 
layers by a solid-state process. The extension of 
the first plateau in 8.1 M KOH at 20 ~ C was con- 
sidered to be due to reduction of an 'active' 
Cd(OH)2 via soluble intermediates. Accordingly 
the higher potential plateau was assigned to 
reduction of an 'inactive' Cd(OH)2. The involve- 
ment of soluble intermediates at the potential of 
the first plateau was confirmed by using electro- 
lytes such as 0.1 M KOH or ethanol saturated with 
LiC1 in which the cadmate species are less soluble 
or non-existent. 

Potentiostatic and potentiodynamic studies by 
these workers [32] demonstrated that the first 
part of the film reduced at 0 V with respect to 
Cd/Cd(OH)2, indicating the presence of 3-4 mC 
cm -2 of CdO in the passive film (3-4 monolayers). 
The reduction of the first part of the film at 
cathodic overpotentials o f -  20 to - 100 mV 
demonstrated that a constant cathodic charge was 
involved. In comparison, at higher overpotentials 
(-- 200 and ~ 500 mV) the reduction of the 
remaining film involved a variable cathodic charge 
and was strongly influenced by the H2 evolution 
process. Limiting current densities for the reduc- 
tion of Cd(OH)2 via soluble species were given as 
16 mAcro -2 at + 20 ~ C. These values seem to be 
at least two orders of magnitude too large on the 
basis of the earlier rotating-electrode work of 
Okinaka [21]. Calculations for a non-stirred sol- 
ution using reasonable values for the saturation 
concentration of Cd(OIt)42- in 7 M KOH (1.1 x 

10 -v mol cm-3), the diffusion coefficient 
(5 x 10-6cm 2 s -1) and the diffusion layer thickness 
(10 -2 cm), indicate a limiting current density of 

10~tAcm -2, i.e. three orders of magnitude 
smaller than those by Soviet workers. 

Potentiodynamic studies by Obedkov and 
L'vova [32] revealed a complex dependence of the 
reduction peak heights with sweep rate. At low 
sweep rates the first peak at - 100 mV with 
respect to Cd/Cd(OH)2 was found to be diffusion 
controlled. However, at higher sweep rates 
(>  0.1 V s -1) a limiting plateau was reached due 
to the inability of the chemical dissolution of 
Cd(OH)2 to be maintained. At very high sweep 
rates (>  1 Vs -1) it is claimed that the first process 
corresponds only to the reduction of the passivat- 
ing edO layers (1-6 me  cm-2). The potential 
involved seems rather high for CdO reduction; 
nevertheless, a highly deficient semiconducting 
Cd(OH)2 could be considered as an alternative 
in the solid-state reduction process. The second 
cathodic reduction peak at -- 800 mV was con- 
sidered to be due to a diffusion limitation in the 
solid-state at high sweep rates. However, the volt- 
ammetric data at high sweep rates (up to 60 V s -1) 
is uncorrected for both ohmic drop and the effects 
of double-layer charging and such assignments 
must be viewed with some caution. 

Obedkov and L'vova [331 have performed 
rotating ring-disc studies to clarify the nature of 
the reduction process (cf. earlier work by Okinaka 
[21]). The Cd(OH)2 formed on the pre-anodized 
disc was allowed to dissolve whilst the products 
were collected on the ring. Approximately 30% 
of the applied anodic charge could be recovered on 
the ring at a potential of - 200 mV with respect to 
Cd/Cd(OH)2. The remaining hydroxide could only 
be stripped galvanostatically from the disc at 
-- 600 mV. It was found that the total charge 
registered on the ring together with that stripped 
from the disc was equivalent to the anodic charge 
supplied. The concentration of soluble species 
derived from the 'active' Cd(OH)2 was found to be 
1.2-1.3 x 10-4mol dm -a in agreement with pre- 
viously accepted values [1] for the equilibrium 
solubility of ~-Cd(OH)2 in KOH. A diffusion coef- 
ficient for the cadmate ion was measured as 
0.4 -+ 0.02 x 10 -s cm 2 s -1, again in agreement with 
previous measurements [ 1 ]. The limiting currents 
found when the ring potential was -- 600 mV with 
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respect to Cd/Cd(OH)2 gave a value for the satura- 
tion concentration of the 'inactive' Cd(OH)2 of 
1 x 10 -s tool dm -3, i.e. an order of magnitude 
smaller than for the 'active' variety. Further exper- 
iments revealed that when the products are 
reduced on the disc at the same time as the current 
is monitored on the ring, then once a certain disc 
current is reached no signal is registered on the 
ring. Thus complete capture of soluble species on 
the disc is also possible under suitable circum- 
stances. 

Barnard e t  al. [34] have similarly studied the 
reduction of Cd(OH)2 films on planar cadmium 
using slow cyclic voltammetry between the limits 
- 750 to - 1300mV with respect to Hg/HgO. On 
the first cycle a single, broad cathodic peak at 
-- 945 mV was observed; however, on progressive 
cycling a second peak developed at - 970 inV. 
The charge recovered on the cathodic sweep was 
considerably smaller than on the previous anodic 
sweep demonstrating the inefficient reduction of 
Cd(OH)2 on the planar surface. I f  the electrode 
was held at a potential in the passive region 
( -  750 mV for 1 h) prior to the cathodic sweep 
then a small shoulder at - 915 mV was observed 
on the main reduction peak at -- 960 inV. If  the 
electrode was held at even more anodic potentials 
for longer times (-- 300mV for 3 h) the prewave 
became more pronounced and appeared nearer 
- 900 mV. In agreement with other workers [21, 
26, 31-33] it is possible that the prewave indi- 
cates the formation of a thin layer of CdO 
beneath the main Cd(OH)2 layer. 

In direct contrast to the planar electrode, 
sintered-plate electrodes [34] showed only a 
single broad anodic and cathodic voltammetric 
peak (at -- 840 and -- 970 mV with respect to 
Hg/HgO/7 M KOH) with near equivalence between 
the anodic charge supplied and the cathodic charge 
recovered. This clearly demonstrates that charging 
of the sintered-plate electrode is considerably 
more efficient than its planar counterpart. It may 
be deduced that where soluble species are involved 
the sintered matrix provides a more effective col- 
lection system. There is possibly less tendency to 
form large Cd(OH)2 crystallites in the sintered- 
plate environment because of the increased num- 
ber of nucleation sites afforded by the rough sinter 
interior. In addition there is more intimate contact 
between the active material and the current col- 

lector which tends to assist a dissolution precipi- 
tation process by reducing the effective diffusion 
path length (the diffusion layer thickness would 
be expected to be less than the pore diameter, i.e. 
< 10-3 cm). 

In the case of the planar electrode the double 
cathodic reduction peaks might be related to the 
reduction of different typs of Cd(OH)2. However 
this effect cannot be distinguished in the sintered- 
plate electrode. It is possible that the first cathodic 
peak relates to an 'active' c~- or/3-Cd(OH)2 having 
an enhanced solubility, whilst the second at higher 
cathodic potentials relates to well-crystallized 
~-Cd(OH)z. The presence of 3,-Cd(OH)2 is less 
likely. Progressive ageing of/3-Cd(OH)2 may also 
take place and this will be discussed in a later 
section. 

The work of Barnard e t  al. [34] was unable to 
confirm the presence of highly unreactive Cd(OH)2 
which might reduce at high cathodic potentials 
(about - 1.5 V Hg/HgO) as proposed by Soviet 
workers. Since the electrodes were not anodized in 
the oxygen evolution, CdO2 would not be 
expected. Further cyclic voltammetric studies by 
Barnard [35] have qualitatively confirmed the 
earlier observations of Armstrong and West [23]. 
For example, for a Cd disc electrode rotating at 
750 rpm and a voltammetric scan rate of 250 
mV rain -I between the limits - 800 to 1300 mV 
with respect to Hg/HgO, the anodic charge on the 
first cycle amounts to 87 mC cm -2 whilst that 
recovered on charge is only 27mC cm -2 (cf. also 
Obedkov and L'vova [31-33]). On the 4th cycle 
the anodic charge is only 15 mC cm -2. However, if 
the electrode is operated in a restricted electrolyte 
volume under stagnant conditions then after four 
cycles the anodic peak area is identical to that on 
the first cycle and almost total equivalence 
between the anodic and cathodic charges is 
retained (87 mC cm-2). This implies that under 
suitable convective conditions soluble species can 
be recovered on the disc and moreover can in fact 
deposit on top of unreduced passivating hydrox- 
ides or oxide, effectively regenerating the original 
Cd surface area. 

This curious behaviour suggests that the passive 
film formed on cadmium must have a high 
measure of electronic conductivity to allow the 
solution phase redeposition to operate. Evidence 
for electronic conductivity of the passive film has 
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been afforded by the ease with which oxygen can 
be reduced on its surface [23]. 

2.3. Transformation o f  CdO in alkali 

Many of the objections [1, 7] to the presence of 
CdO in the passivating film stem from the well- 
known rehydration of CdO to Cd(OH)2 in 
alkaline solution. Although this reaction is thermo- 
dynamically spontaneous it is by no means instan- 
taneous, particularly in dilute alkali. Ea and 
Niepce [36] have recently studied the vapour- 
phase rehydration of CdO. When the oxide is pure 
rehydration is very slow but impurities consider- 
ably accelerate the process, ranking in the order 
KOH > KI > KBr > KC1. 

Kadnikova et  al. [37] demonstrate as expected 
that in concentrated alkali (5-12 M KOH) conver- 
sion of CdO to/3-Cd(OH)2 occurs extensively after 
5 minutes (sharp band at 3605 cm -1 in the i.r. 
spectrum). However, X-ray diffraction studies indi- 
cated the presence of unconverted CdO even after 
24 h. In dilute alkali (0.1-3 M) the initial product 
of hydration appears to be 3,-Cd(OH)2 which could 
be detected by i.r. spectroscopy from the stretch- 
ing vibrations at 3582, 3525 and 3284 cm -1. The 
presence of low-frequency bands at 933 and 

960 cm -1 conclusively prove the presence of 
hydrogen bonding which can only be present in 
the 7-phase (cf. Breiter and Vedder [20]). 

Kadikova et  al. [38] have also studied the 
influence of conditions of hydration of CdO on 
its subsequent electrochemical reactivity. The 
effects of NiSO4 additives were also examined. 
The main product of hydration of CdO in 1 M 
KOH was again found to be 7-Cd(OH)2 whereas in 
water or 8 M KOH/~-Cd(OI-/)2 was the main pro- 
duct. In the presence of NiS04,/3-Cd(OH)2 pre- 
dominated irrespective of the alkali concentration. 
Antimony oxide was found to retard the hydration 
of CdO. It was claimed that the highest level of Cd 
generation on charge and the highest current 
efficiency are attained when the level of hydration 
of the product is lowest or when the 3,-Cd(OH)~ is 
at a maximum. These results could be interpreted 
in terms of the charging of 7-Cd(OH)2 taking place 
by a solid-state route. The galvanostatic charging 
plateaux were found to be at the lowest potential, 
where the level of hydration was lowest. In this 
respect electrodes prepared in the presence of 

Sb203 showed the lowest charging potentials 
whilst electrodes hydrated in the presence of 
NiSO4 charged at much greater cathodic potentials. 
It was noted that electrodes hydrated in 8 M KOH 
had low charge-acceptance behaviour because of 
the marked ageing of the ~3-Cd(OH)2 formed. 

In a recent communication, Breiter [39] has 
presented u.v. spectroscopic data to further sub- 
stantiate the formation of CdO on thin Cd films 
deposited on a glass surface after prolonged anodic 
oxidation at low overpotential in 1 M KOH. The 
CdO was detected by its 2-3 eV adsorption edge, 
characteristic of the semiconducting oxide. Both 
/3- and 3'-Cd(OH)2 were also detected by i.r. 
spectroscopy in the film. In more concentrated 
alkali (6.9 M KOH) very little CdO was found, 
the predominant phase being/3-Cd(OH)2). 

2.4. Solid-state studies on CdO 

The electrical conductivity of polycrystalline 
n-type CdO has been re-examined by Choi et  al. 

[40] over a range of temperature from 298-923 K. 
Plots of log o versus T at constant partial pressure 
of oxygen are found to be linear. The conductiv- 
ity o was found to be proportional to p-a/6 A 

0 2 �9 

conductivity of 800 ~2 -1 cm -1 was found at 300 K 
(Po2 = 1.2 x 10 -5 mmHg). The sign of the slope 
of the log o versus T plot was found to change at 
"~ 673 K. This was explained in terms of increasing 
numbers of free electrons being scattering by those 
from the stoichiometric access of Cd in interstitial 
positions or from oxygen donors. 

The detrimental effect of Ca 2§ on the charge 
efficiency of the negative electrode of the nickel- 
cadmium cell is generally well known [3, 10]. 
Rozovskii et al. [41] have again confirmed that 
as little as 0.02% Ca 2§ has a marked degradation 
on the charge capacity of a CdO electrode. These 
workers consider that Ca 2§ ions lower the charge 
acceptance of CdO by reducing the mobility of 
Cd 2+ in the solid state. The conductivity of the 
CdO was deduced from potentiostatic i versus 
t -v2 plots during reduction in aqueous KOH. 
Arrhenius activation energies for the Cd 2§ 
migration were claimed to be dependent on poten- 
tial for pure CdO (16.5 kcal tool -1 at -- 1.0V and 
5.06 kcal mo1-1 at -- 1.2 V with respect to 
Hg/HgO). In the case of CdO doped with 1% Ca 2§ 
the activation energy was independent of potential 
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at potentials > -- 1.2 V, having a value of 9.2 kcal 
mo1-1. The values of activation energy determined 
by Rozovsldi e t  al. infer a remarkably high mobil- 
ity of Cd 2+ in the solid state as would be expected 
for fast ion conductors. For example Haul and 
Just [42] have measured the enthalpy of move- 
ment of defects in dry CdO to be about 62 kcal 
mo1-1 at 630-850 ~ C. It is possible that Rozovskii 
et  al. [41] may have neglected the possible 
involvement of soluble cadmium species in their 
measurements. 

2.5. Hydrogen  evolution on Cd 

Kukk et  al. [43] have made a detailed study of the 
hydrogen overpotential on Cd in various alkaline 
media (NaOH, KOH, KOH + KC1, CsOH + CsC1 
and Ba(OH)2). Hitherto this has been a rather neg- 
lected area of research [2] in spite of its tech- 
nological interest. The paper by Kukk et  al. [43] 
may be consulted for an assessment of the pre- 
vious literature on the subject. Generally a Tafel 
slope parameter b, of ~ 118 mV/decade, is 
obtained over about four decades of current. The 
transfer coefficeint a is taken to be 0.5. From the 
dependence of hydrogen overpotential with alkali 
concentration it is deduced, in good agreement 
with theoretical considerations, that a slow direct 
discharge of water molecules is involved. In the 
case of Ba(OH)2 electrolyte some evidence was 
found for an intermediate chemical step. The 
changes in overpotential in the different media 
were considered to be caused by variations in the 
electric field in the vicinity of the double layer 
caused by the present of ions of differing size. 

The discharge of Na § K § and Cs § ions to form 
intermetallic compounds was considered to be 
possible on rough Cd surfaces. However, the dis- 
charge of these species on smooth Cd was con- 
siderably delayed and was not thought to be the 
main cause for the differences in overpotential. 

2.6. Conclusions 

In conclusion it appeares that a-,/3 and 7-Cd(OH)2, 
together with Cd02, may be present at the time of 
cathodic reduction, depending on the anodic 
history of the electrode. Any a-Cd(OH)2 formed 
initially is fikely to be converted fairly rapidly in 
strong alkali to fl-Cd(OH)2. At low temperatures 

7-Cd(OH)2 can be a predominant phase. In order 
to obtain CdO, high anodic potentials (at least 
200 mV more anodic than the reversible 
Cd/Cd(OH)2 potential) are required. If the elec- 
trode is operated in the region of continuous oxy- 
gen evolution Cd02 may also be formed. 

Reduction of the various cadmium species 
appears to involve a complex combination of 
solid-state and dissolution precipitation processes. 
Active a-Cd(OH)2 (possibly having an enhanced 
dissolution rate because of its smaller crystallite 
size) and normal ~-Cd(OH)2 with a low electronic 
conductivity are most likely to change via soluble 
intermediates. On the other hand cadmium 
hydroxide phases having defective structures (i.e. 
a stoichiometric excess of Cd in the lattice) and 
exhibiting semiconductivity could charge by both 
solid-state and soluble intermediates. There is 
evidence to suggest that the reduction of these 
semiconducting phases is often incomplete and 
Cd deposition via soluble intermediates may pro- 
ceed on the surface of such materials leading to 
hydroxide occlusion. Semiconducting CdO appears 
to charge preferentially via a solid-state mechanism 
when the influence of secondary products derived 
from its immersion in KOH are neglected. At room 
temperature 7-Cd(OH)2 is most likely to be 
derived from CdO in dilute alkali (<  7 M) whereas 
at high alkali concentration (7 M) ~-Cd(OH)2 pre- 
dominates. It is possible [38] that 7-Cd(OH)2 
might charge by a solid-state mechanism; however, 
this has not been unequivocally demonstrated. 

3. Anodic behaviour of planar cadmium electrodes 

Since the previous review by Armstrong et  al. [ 1 ] 
comparatively few papers have dealt with the 
mechanism of passivation of the cadmium elec- 
trode in alkaline solution. Previously [ 1, 7] there 
appeared to be a large number of papers proclaim- 
ing the relative merits of the dissolution- 
precipitation model of electrode failure compared 
with the solid-state mechanism. Largely as a result 
of the extensive work by Armstrong et  al. [ 1 ] 
there now appears to be little doubt that the 
underlying film (either Cd(OH)2 or CdO) causing 
passivation forms by a solid-phase mechanism. 
Nevertheless, the importance of the dissolution- 
precipitation process on both charge and dis- 
charge should not be overlooked, particularly 
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when considering the operation of sealed second- 
ary battery systems. As pointed out by Milner and 
Thomas [2] the negative electrode in the nickel- 
cadmium cell, because of cell design constraints, 
seldom operates in the passive region except when 
excessively high discharge rates are used or when 
cell reversal has occurred. Thus for the most part, 
dissolution-precipitation processes have probably 
greater importance than solid-state mechanisms in 
determining the long-term recrystallization and 
redistribution of active material which takes place 
during the cyclic operation of porous cadmium 
electrodes. Nevertheless, to understand all aspects 
of electrode behaviour over wide anodic limits 
neither mechanism can be considered in isolation. 
(See also Casey and Gardner [7]). 

Yarvsalu et  al. [44] have studied the passivation 
of Cd in relation to its application in 02 concen- 
tration gauges using various alkaline media, pH 
15.2-8.2 (KOH, K2CO3, Na2CO3, KHCO3 and 
mixtures). In all cases a linear dependence of 
passivation charge Q and log i (i is the galvano- 
static current) is found. There is some deviation at 
higher current densities. It is claimed that the 
presence of Na § ions lowers the passivation charge 
due to stabilization of the film by this ion. The 
log i - Q  dependence is considered to indicate that 
passivation of the electrode is dependent on the 
diffusion of OH- ions through the surface of the 
developing Cd(OH)2 layer. The dependence of the 
passivation on electrolyte environment is related 
to the well-known involvement of complex ions in 
the anodic dissolution process. The effects of 
adding further complexing agents, e.g. Trilon B, 
SCN- and PO~- increased the charge before 
passivation because of increased Cd 2§ complexing. 
However, SCN- caused a decrease due to insoluble 
film formation. It is implied that the passivation 
process is controlled by a dissolution-precipitation 
mechanism; however, as discussed at length by 
Armstrong et  aL [ 1 ] simple measurements of this 
type can give no information regarding the mech- 
anism of formation of the underlying film. 

From the shape of the potentiodynamic and 
chronoamperometric curves L ' v o v a e t a l .  [45] 
propose a mechanism of passivation involving 
adsorption of OH- ions. The distinction between 
irreversible adsorption and a passivation process is 
difficult to make on the basis of the limited data 
presented. The interpretation of previous 

impedance data [46, 47] by the same authors, and 
based on the same hypothesis, is open to consider- 
able doubt [1]. 

Oshe et  al. [48, 49] have returned to the 
important question of whether passivation could 
be caused by a very rapid dissolution-precipitation 
process rather than via the solid state. In rotating 
ring-disc experiments these workers find a lack of 
agreement between the theoretical and exper- 
imental collection efficiencies. This is considered 
to be due to incomplete detection of soluble 
species on the ring due to precipitation as 
Cd(OH)2 on the spacer between the ring and disc 
(or on the disc alone) as a consequence of a rapid 
dissolution-precipitation reaction. Such a mechan- 
ism is offered as an alternative to that preferred by 
Armstrong and West [23] proposing 'leakage' of 
current via a solid-state route. Clearly, the use of 
very high rotation speeds would be required to 
distinguish with certainty between the two mech- 
anisms. 

Kravtsova et  al. [50] have studied the influence 
of KOH concentration on the passivation behaviour 
of Cd. This work appears to be largely a repetition 
of earlier studies, in particular of the type by Farr 
and Hampson [51] demonstrating that the current 
density i and time to passivation t obey a relation- 
ship of the type i t  1/2 = constant. Kravtsova e t  al. 

[50] propose a modified expression where 
t = A i - n  and n = 1.6. The time to passivation is 
claimed to vary linearly with alkali activity. The 
mechanism of passivation is considered to be of 
the dissolution-precipitation type. 

In a later paper Kravtsova and Zytner [52] 
investigated the effect of NH3 as a complexing 
agent on the passivation time of Cd in alkaline 
solution. The passivation time was found to 
increase significantly only when the NH3/KOH 
concentation ratio was greater than unity. This 
is due to the interplay between OH- ions and 
NH 3 molecules in the complexing process. The 
increased passivation time is considered to be 
related to formation of ammines of the type 
[Cd(NH3)x(OH)y] 2-r in dilute alkali whilst com- 
plex ions of the type Cd(OH)]- predominate in 
concentrated alkali. Although there appears to be 
little doubt of the ability of complex-ion formation 
to extend the active dissolution region, these 
measurements shed no light on the final cause of 
passivation. 
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Afanasev et al. [53] have studied the electro- 
oxidation of Cd in 1 M KOH at rotating disc elec- 
trodes using a potentiostatic method. Regretably 
these workers treat the data erroneously in terms 
of 

ia = i= + K x / w  (1) 

rather than with the correct expression of the 
form [23, 54] 

1 1 K 
- + - -  ( 2 )  

i a ir162 ~ / W  " 

From the potential dependence of the ia versus 
X/co plots, a dependence of AE/A  log i a of 
25 mV/decade (cf. the theoretical value of 
29 mV) was claimed. The passivation behaviour is 
interpreted in terms of a dissolution-precipitation 
reaction taking place on a limited number of active 
sites on the electrode surface. It is interesting to 
note that in a similar study Armstrong and West 
[23] were unable to obtain satisfactory data for 
the dissolution process in 1 M KOH. 

Armstrong and Edmonson [55] have made a 
detailed study of the impedance of planar Cd 
electrodes in alkaline solution. In the active 
dissolution region (-- 895 mV with respect to 
Hg/HgO/KOH), at frequencies >i 3 Hz, a Warburg 
impedance is found due to diffusion of soluble 
Cd(OH)42- species. At very low frequencies (1.5 to 
0.005 Hz) deviation is observed due to interaction 
of the Nernst diffusion layer with the a.c. dif- 
fusion layer. The data are treated on the basis of 
a simple Randle's circuit. From plots of Rp and 
Cp versus 6o -1/2 the solubility of Cd(OI-I)42- in 
10 M KOH is estimated as 2-5 x 10-4mol dm -3. 
A Nerstian slope of 30 + 5 mV/decade for a 2e 
reversible reaction was confirmed from plots of 
log e versus E. Estimates of the charge transfer 
resistance enabled the potential dependence of 
the exchange current to be deduced as 30 + 5 mV/ 
decade. This value was considered to be consistent 
with a reaction involving two consecutive electron 
transfers, the first being in equilibrium, the second 
rate determining. These observations entirely con- 
firm the earlier observations made by Armstrong 
and West using a ring-disc technique [23]. 

A potential just into the passive region (-- 870 
mV) showed Warburg impedance at high fre- 
quencies which was also rotation-speed dependent, 
similar to the observations in the 'active' region. 
This was interpreted in terms of diffusion of 

soluble species in the film. At very low frequencies 
a second Warburg impedance was found due to 
diffusion of species within the solid phase. At 
potentials further into the passive region ( -  700 
mV) a marked change in the shape of the imped- 
ance diagrams was evident, showing mainly a low- 
frequency Warburg impedance due to diffusion of 
species within the solid phase. This region showed 
very little dependence on the rotation speed of the 
electrode. It is curious to note that the 'solid 
phase' Warburg impedance at - 700 mV appears at 
higher frequencies than at -- 870 mV. These obser- 
vations clearly indicate that the nature of the film 
formed just at the point of 'passivation' (-- 870 
mV) is different from that well into the passive 
region. It is tempting to suggest on the basis of 
observations previously discussed [34] that CdO 
may be developing under the j3-Cd(OH)2 film 
formed initially. Diffusion coefficients for the 
species moving in the solid-phase were determined 
as ~ 5.5 x 10-1~ s -1 at - 870mV and 5.1 x 
10 -12 cm 2 s -1 at - 700 mV. As the authors point 
out these values are only approximate because of 
diffusion-layer thickness constraints, nevertheless 
they do demonstrate the involvement of less 
mobile species in the solid phase during fdm 
thickening. An estimate of the passive film thick- 
ness was made (400 -+ 20 x 10 -8 cm) from the 
charge required to reduce the passive film (~  25 
mC cm-2). It should be noted that in this paper 
there are labelling errors. Fig. 12 relates to 
measurements at -- 700 mV and the headings on 
Figs. 14 and 15 should be transposed. 

Barnard et al. [34, 56] have drawn attention to 
the presence of double anodic peaks during cyclic 
voltammetric studies of planar cadmium. The 
additional anodic peak at about 26 mV more 
cathodic than the main peak is considered to be 
due to the different behaviour of the electro- 
deposited Cd. Its more cathodic placement is 
considered to be related to intrinsic stress within 
the deposit due to occlusion of oxide or hydroxide. 
This observation correlates with the difficulty in 
completely removing the passive film. 

Ojefors [57] has compared the potentio- 
dynamic behaviour of Fe and Cd electrodes in 
alkaline solution over a range of temperature from 
5 to 70 ~ C. It is demonstrated that the iron elec- 
trode shows a greater dependence of the volt- 
ammetric peak current heights and position on 
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temperature than the cadmium electrode. This is 
thought to be due to the greater dependence of 
solubility on temperature for the intermediates 
(HFeO~ and FeO~) involved in the operation of 
the iron electrode. Such differences are considered 
to account for the differences in performance 
between Cd and Fe. 

Selanger [58] has discussed the influence of 
fast nucleation reactions on the shape of galvano- 
static E versus t transients. A theoretical argument 
is presented which predicts the presence of a maxi- 
mum at short times (~ 10ms) in the case of elec- 
trodes such as Cd which involve sparingly soluble 
intermediates. The maximum is explained in terms 
of the fast build-up of dissolved species, which are 
in reversible exchange with the electrode, followed 
by a fast nucleation reaction in the supersaturated 
solution which consumes the dissolved species giv- 
ing a decrease in concentration polarization. 

Bonnaterre et al. [59, 60] have also compared 
the relative methods of operation of Fe and Cd 
anodes in alkaline solution. Considering only 
aspects of the Cd electrode, this work has again 
emphasized the importance of supersaturation of 
soluble cadmium species during anodic dissolution. 
Using a rotating ring-disc technique they have 
measured the supersaturation coefficient P of the 
cadmate ion over a range of temperature and in 
various alkaline concentrations. The value of P is 
given approximately by the ratio of the ring cur- 
rent response on reduction corresponding to 
anodic and cathodic sweeps on the disc. In 7 M 
KOH the value of P is 10.4 at 20 ~ C. Although the 
equilibrium solubility of Cd(Ott)2 in KOH increases 
with temperature the value of I" decreases (i.e. 6.6 
at 40 ~ C). Although the values of P should ideally 
be independent of rotation speed, Bonnaterre etal. 
find some dependence on rotation speed. In con- 
trast to previous rotating ring-disc studies [ 19, 21 ] 
the type of passivation mechanism is not con- 
sidered. 

4. Cyclic charge-discharge behaviour of porous 
cadmium electrodes 

Interest has been renewed concerning the cause of 
capacity loss by porous cadmium electrodes during 
cycling. Earlier studies, in particular those by 
Harivel et  al. [61 ], Salkind et aL [62], Lifshin and 
Weininger [63] and Breiter and Weininger [64], 

have indicated the importance which growth and 
redistribution of active material play in determin- 
ing cycle life. 

Reed and McCallum [65] have made a detailed 
investigation of sintered-plate cadmium electrodes 
cycled to various depths of discharge. Electrodes 
were examined by metallographic techniques, and 
chemical analyses and capacity measurements in 
flooded electrolyte were made [66] to assess the 
relative charge and discharge efficiencies of active 
material. Greater losses of capacity were found at 
greater depths of discharge and greater cycle num- 
bers. Much of the capacity loss was claimed to be 
temporary since a complete charge-discharge cycle 
was found to restore the capacity. The changes in 
capacity with cycling were found to be related to 
growth and redistribution of active material within 
the pore structure. Although uncharged Cd(OH)2 
was found in the plates by chemical analysis 
(NH3/NH4C1 extraction technique) there was 
often a discrepancy between the delivered 
capacities and analytical values, implying 
efficiencies greater than 100%. 

Luksha et  al. [67] have investigated the influ- 
ence of nickel sinter structure on the performance 
of the cadmium electrode. Sinters having a con- 
trolled pore diameter were prepared using a pore 
former. Electrodes having a porosity of 80% and a 
pore diameter of 80/am were considered to give 
the optimum performance. No correlation could 
be made between the sizes of the &Cd(OH)~ 
crystals at the electrode surface (1-20/~m) and the 
pore diameter. This observation contrasts sharply 
with that claimed by Will and Hess [22] for a 
simulated pore electrode where growth of 
/~-Cd(OH)2 is considered to be the main cause of 
capacity loss. 

In the case of sintered plate electrodes Barnard 
etal. [56] have shown by chemical analysis that 
where the discharge rate is high (C/l) the loss in 
capacity during cycling was due largely to 
inefficient utilization of Cd metal rather than to 
an inefficient charge process. The quantity of Cd 
metal produced on charge was in the range 97 to 
75% over the first 100 cycles. The level of unused 
Cd increased as the charge rate diminished being as 
much as 55% after ~ 90 cycles at the C/8 charge, 
6"/1 discharge rate. A voltammetric sweep tech- 
nique showed that this could be related to a pro- 
gressive diminution of Cd surface area during 
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cycling which was most rapid at the C/50 charge 
rate. A decrease in the widths of the voltammo- 
grams suggested a redistribution of active material 
to the edges of the sinter during cycling giving 
pseudo-planar behaviour. Preliminary optical 
microscope studies confirmed the growth and 
redistribution of active material. 

Further studies [34] showed that when low dis- 
charge rates were used, thereby increasing the 
cycle time, recrystallization of Cd(OH)2 could 
take place leading to a marked lowering in charge 
efficiency as determined by chemical analysis. 
The apparent independence of overall cycle effic- 
iency on discharge rate, at a fixed high charge 
rate, observed previously [56] was due to an 
unexpected cancellation between the relative 
changes in charge and discharge efficiencies. 

A failure mechanism, in line with that proposed 
earlier [68], was considered to involve coverage of 
the Cd surface by precipitated Cd(OH)2 which 
later induced a change in potential such that a 
passivating film formed directly on the surface by 
a solid-state process. The loss in capacity on cycl- 
ing was considered to be due largely to growth of 
Cd metal crystallites leading to a lowering of active 
surface area. Nevertheless, under certain con- 
ditions, particularly where the cycle time was long 
(or periods of standing in the discharge state were 
involved) growth of Cd(OIO2 crystallites lead to a 
significant lowering in charge efficiency. 

Papazova et  al. [6.9] have investigated the influ- 
ence of the initial charge current density (forma- 
tion process) on the subsequent cyclic charge- 
discharge behaviour of pressed CdO electrodes for 
use in silver-cadmium cells. Chemical analysis 
revealed that the quantity of Cd produced during 
charging was about 95-98% after 2 cycles for 
changes in charge current density by over an order 
of magnitude. The utilization of active material 
on discharge after the first cycle was in the range 
57-63% and was relatively insensitive to discharge 
rate. After 15 charge-discharge cycles it was found 
that electrodes 'formed' at 0.2 A dm-2 gave 
capacities of ~ 50% whilst those 'formed' at 0.8 A 
dm -2 gave capacities of ~ 70%. It was concluded 
that the improvements were related to the produc- 
tion of a more finely divided cadmium at high 
rates of charge, in agreement with other workers 
[34, 56, 61]. It is interesting to note that the 
changes in capacity after the initial fall are much 

less over 15 cycles than those observed by Barnard 
et  al. [34, 56], and could reflect the obvious 
difference in electrode structure. 

Papazova et  al. [70] have similarly investigated 
steady-state potentiostatic E versus I curves as a 
means of assessing the performance of pressed Cd 
electrodes for use in silver-cadmium cells (cf. 
Armstrong et  al. [68]). Generally, satisfactory 
quantitative agreement is found between the 
magnitude of the anodic peak current and the 
measured discharge capacity. The discharge 
capacity is shown to be increased by addition of 
Ni(OH)2 and also unspecified organic additives. 
Only partial correlation between the relative 
anodic peak heights and BET (argon) surface area 
measurements of the Cd powder was obtained. 
This was considered to be due to the lower 
apparent area seen in the electrochemical measure- 
ments due to the non-wetting (or non-involvement) 
of the smaller pores in the electrode operation. 

Eron'ko et  al. [71] have made a coulogravi- 
metric investigation of a cadmium electrode in 
alkaline solution. Little interpretation is offered. 
As the authors state, the technique has not been 
widely used due to experimental and interpret- 
ational difficulties. 

Armstrong et  al. [72] have made a detailed 
study of the impedance of a sintered-plate 
cadmium electrode after charge-discharge cycling. 
For a porous electrode with semi-infinite pores 
theory predicts that the phase angle of the 
impedance Z is half the value for an equivalent 
planar electrode whilst the absolute magnitude of 
Z is proportional to the square root of the planar 
electrode impedance. Thus, for a purely capaci- 
tative interphase, the impedance plot for a porous 
electrode would be a straight line at 45 ~ in the 
Argand diagram (cf. the vertical line parallel to the 
imaginary axis for a planar electrode). Warburg dif- 
fusion in the porous electrode would give rise to a 
line having a slope of 22.5 ~ (cf. 45 ~ for the planar 
case). 

For a porous electrode with semi-infinite pores 
the a.c. signal penetrates to only a limited depth at 
high frequencies whilst at low frequencies total 
penetration can occur. For example, in the 
capacitative case there is a critical frequency co* 
at which the impedance plot changes slope from 
porous to pseudo-planar character. The value of 
co* can be calculated from 
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r 

co* = 2pl2Ce a (3) 

where r is pore radius, p the resistivity of the 
electrolyte, l the pore length and Cdl the double- 
layer capacitance. Impedance diagrams for fully 
charged sintered-plate electrodes at - 1000 mV 
with respect to Hg/HgO show a slope of 37 ~ at low 
frequencies changing to higher slope below r 
(83 Hz). The presence of uncharged Cd(OH)2 in 
the electrode after cycling (10 cycles) could be 
detected from a small Warburg impedance (slope 
24 ~ ) at higher frequencies. Differences in 
impedance diagrams could be detected for elec- 
trodes having different uniformities of impreg- 
nation. From the change in capacitance in the 
double-layer region ( -  1000 mV) the change in 
wetted surface area could be studied. As demon- 
strated previously [56] charging at low rates 
(C/8) gave rise to low surface area of Cd metal 
and this diminished on cycling. 

In the passive region (-- 700 mV) the impedance 
diagrams were very similar to those obtained with 
planar Cd [55] when differences in area were 
taken into account. Nevertheless, the area of Cd 
apparently passivated was smaller than anticipated 
and it was suggested that only part of the Cd was 
being sensed because of screening of the a.c. signal 
by precipitated Cd(OH)2. An alternative explan- 
ation would be that only part of the Cd surface is 
passivated (cf. Okinaka [21 ]). From the measured 
Warburg coefficient a value for the diffusion rate 
of species within the passive film was calculated as 
3.2 x t 0 -12 cm 2 s -1 in agreement with values 
obtained [55] for the planar electrode. 

The measurements of critical frequency were 
used to evaluate the depth of signal penetration 
and hence to compare the uniformity of impreg- 
nation of the electrode. However, the lengths cal- 
culated in fact exceeded the known sinter thick- 
ness. This is probably due to the choice of too 
large a value for the pore radius (5/am) which 
excludes the contribution made by Cd. A more 
realistic value for the porous Cd network con- 
tained within the main sinter framework would be 
0.5 pro. It should be noted that the electrode half- 
thickness should have been employed in the cal- 
culation since the electrodes were not semi-infinite. 

Barnard et al. [73] have made a detailed study, 
using optical and scanning electron microscopy, of 

the growth and redistribution of Cd and Cd(OH)2 
in sintered-plate electrodes as a function of charge 
rate and cycle number. The size of both Cd and 
Cd(OH)2 was found to increase with increasing 
cycle number and decreasing charge rate. On the 
other hand, high charge and discharge rates 
promoted greater aggregation and redistribution of 
active material towards the electrode edge. This 
was presumably caused by the greater non- 
uniformity of the reaction zones in the electrode 
at higher current densities. The trapping of Cd 
metal by highly crystalline, hexagonal platelets of 
/3-Cd(OH)2 resulted in about 50% of the active 
material becoming obsolete after 100 cycles at 
high charge and discharge rates (C/I). At this 
stage only the finely divided Cd metal in the elec- 
trode interior continued to function. Because the 
deposits, particularly after extended cycling, 
invariably contained both components it was diffi- 
cult to quantify their relative sizes. The pro- 
nounced redistribution and crystallization, par- 
ticularly of Cd(OH)2, provides a clear demon- 
stration of the operation of dissolution- 
precipitation processes. Evidence of a thin passi- 
vating hydroxide coating was also found. 

Further SEM/optical microscopy studies [74] 
have revealed that Cd metal deposition can take 
place on top of conducting Cd(OH)2 (or CdO) 
crystallites, confirming that this process as a poss- 
ible mechanism of active material occlusion (as dis- 
cussed previously in Section 2.2). Marek et aL [75, 
76] have similarly combined capacity, surface 
area, chemical analysis and electron microscopy 
measurements to study the influence of the 
impregnation process on the long-term cycling 
efficiency of sintered-plate Cd electrodes. The 
behaviour of electrodes prepared by thermal 
decomposition of cadmium formate was compared 
with those obtained by impregnation with cad- 
mium nitrate. Electrodes obtained using a combi- 
nation of these procedures were also studied. 

It was found that electrodes prepared via cad- 
mium formate alone gave poor reproducibility on 
charge-discharge cycling owing to shedding of 
active material and poor charge efficiencies arising 
from large CdO crystallites. Scanning electron 
microscopy showed for electrodes prepared by the 
other two methods that there was less tendency 
for Cd(OH)2 growth, suggesting a large number of 
nucleation sites. Chemical analysis revealed that 
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the higher capacities delivered by the plates pre- 
pared using the combined method arose from the 
increased charge acceptance. Generally electrodes 
having the highest surface area of active material 
gave the highest efficiencies. Morphological 
changes taking place in the electrode were con- 
sidered to be largely the consequence of 
dissolution-precipitation processes, although 
partial involvement of solid-state processes could 
not be entirely dismissed (cf. Barnard e t  al. [73]). 
It is interesting to note that these authors have 
also developed a technique [77] for observing, 
with the SEM, the same point in a sintered-plate 
electrode during cycling. In general electrodes pre- 
pared using the combined impregnation method 
gave the lowest residual Cd contents after dis- 
charge and least agglomeration of active material 
in the electrode surface. A lower level of Ni 2+ 
impurity (from sinter corrosion) was also found. 

Little information is available concerning the 
use of organic additives to control the morphology 
of the cadmium electrode. Recently Udupa e t  al. 

[78] have found that the discharge efficiency of 
the sintered-plate cadmium electrode is improved 
when quaternary ammonium compounds such as 
cetyltrimethylammonium halides are incorporated 
in the active material at the time of impregnation. 
The improvement in discharge behaviour was con- 
sidered to be due to the smaller size of the active 
material present in the plate. This hypothesis was 
deduced on the basis of low-magnification (x 150) 
optical examination of active material removed 
from the electrode surface. Clearly, a more 
detailed study with higher magnification of active 
material in both the charged and discharge state 
would be desirable to provide a more convincing 
demonstration. 

In earlier studies Gossenberger [79] made an 
evaluation of the behaviour of various cellulose and 
starch derivatives on the capacity of the cadmium 
electrode. It was tentatively suggested that growth 
of Cd metal was inhibited by the additives. 
Fleischer [80] subsequently patented the use of 
cellulose ethers and derivatives such as CMC for 
reducing the fall in capacity of the cadmium elec- 
trode on cycling. More recently Solo'eva and 
Ryzhok [81 ] mention the use of CMC and sun- 
flower oil. This paper deals mainly with the 
preparation of samples from porous cadmium elec- 
trodes suitable for transmission electron micros- 

copy. Organic additives frequently interfere in the 
determination of surface area (cf. difficulties 
encountered by Gossenberger [79]) and scanning 
electron microscopy provides a valuable method 
for assessing separately the growth of both Cd and 
Cd(OH)2. 

A recent paper by Jindra et  a t  [82] illustrates 
the trend towards the development of cadmium 
electrodes which do not require the use of expen- 
sive nickel sinter or the time-consuming impreg- 
nation procedures. Electrodes were obtained by 
pressing a paste of CdO and PTFE binder on to a 
current-collecting substrate. This type of electrode 
fabrication has been examined previously by 
Holleck et  al. [83] and Luksha [84]. Relatively 
highlevels of PTFE (5-20%) appear to have been 
used in the study of Jindra e t  al. [82]. This is per- 
haps surprising in view of the high hydrophobicity 
of PTFE and, as these authors discuss, its tendency 
to reduce the electronic conductivity of the matrix 
and create non-uniform distribution of current 
within the electrode structure. 

By close packing of electrodes during cycling, 
shedding of active material and loss of mechanical 
strength can be substantially reduced and accept- 
able capacities are claimed over 700 cycles. The 
results suggest that the performance of thin, 
plastic-bonded cadmium electrodes are intermedi- 
ate between those of the pocket-plate and 
sintered-plate fabrications. 

Cenek e t  al. [85] have investigated the behav- 
iour of plastic-bonded cadmium electrodes incor- 
porating oxalic acid and a polyethylene binder 
on an iron substrate. It is claimed that the service- 
life of such plates is about 1900 cycles before the 
capacity fails to ~ 46% of its theoretical value. In 
order to obtain acceptable cycle life it is claimed 
that the plastic content should not exceed 30-35% 
by volume. The oxalic acid appears to be used 
mainly as a pore-forming agent, being leached out 
into the electrolyte on discharge. Scanning elec- 
tron microscopy revealed that electrodes manu- 
factured with oxalic acid additive formed smaller 
crystallites of active material compared to those 
without the additive. The structural changes 
within the active material were considered to 
be the main factors determining cycle life. Fur- 
ther studies by Cenek e t  al. [86] confirmed that 
incorporation of oxalic acid into the active 
mass increased the efficiency of utilization by 
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about 10-20% by minimizing active material aggre- 
gation. 

5. Long-term deficiencies o f  porous  c a d m i u m  

electrodes 

5.1. Long-term ageing 

Whilst it is generally possible to operate the cad- 
mium electrode between temperatures of 
- 40 ~ C and 70 ~ C certain operational difficulties 
are encountered for example where it is required 
to operate the electrode at -- 20 ~ C after long 
periods of storage at + 20 ~ C or + 70 ~ C [87, 88]. 
The earlier work of Okinaka and Whitehurst [19] 
clearly demonstrated that in order to minimize 
premature H2 evolution during charging the first 
discharge should be made at the lowest tempera- 
ture in order to facilitate formation of 'active' 
~,-Cd(OH)2 (see also Section 2). 

Bramham et al. [89] have examined the 
recharge behaviour of both cadmium and nickel 
hydroxide electrodes removed from nickel- 
cadmium cells after storage (up to 5 years) in the 
discharged state. Scanning electron microscopy 
revealed considerable growth of hexagonal plate- 
lets of Cd(OH)2 on the electrode surface (trapping 
some of the separator fibres) which increased in 
size progressively with time. Hobbs et al. [87] 
have similarly observed the growth of Cd(OH)2 
platelets on the surface of sintered-plate electrodes 
after 9 years' storage. In spite of this pronounced 
growth, galvanostatic measurements showed [89] 
that after ageing for 5 years, remarkably little 
deterioration in charge acceptance at 20 ~ C had 
taken place for partial charge inputs at the 1 C 
rate. A decline in capacity at 20 ~ C was noted 
however at very high charge rates (10 C). As 
expected the most noticeable deterioration in 
charge acceptance was exhibited where the 
Cd(OH)2 had been aged at 70 ~ C and attempts 
were made to recharge the material at low 
temperatures (-- 20 ~ C). The galvanostatic charge 
curves at 20 ~ C for Cd(OH)2 showed little change 
after ageing apart from a less distinct demarcation 
between the end of charging and the onset of 
hydrogen evolution. At low temperatures 
(-- 20 ~ C) pronounced Cd nucleation overpotentiats 
were observed such that electrodes reached H2 
evolution at the start of charge. Potentiostatic 

pulse experiments revealed no fundamental change 
in the mechanism of operation of the electrode. 

Clearly, the growth of Cd(OH)2 leads to a 
marked reduction in its surface area which in turn 
leads to a lower rate of dissolution and difficulties 
in supplying soluble species required in the charge 
process. At low temperatures, where the solubility 
is drastically lowered, premature hydrogen 
evolution would be expected. The tendency of 
disordered Cd(OH)2 precipitates to undergo refine- 
ment of crystal quality with attendent loss in 
reactivity is a manifestation of the well-known 
Ostwald ripening process and reflects the inherent 
difficulty in maintaining thermodynamic free- 
energy gradients for long periods of time. It is 
perhaps fortunate that during the ageing process 
[73, 89] a large proportion of theactive material 
within the sinter interior does not increase in size 
at the same rate as on the surface where there is a 
greater supply of free electrolyte. To date no satis- 
factory method has been found for entirely elimin- 
ating recrystallization of Cd(OH)2. Further work 
in this area is required to explore the possibility of 
metal hydroxide or organic compounds as a means 
of slowing down such processes. 

In comparison nickel hydroxide electrodes, 
which operate entirely by a solid-state mechanism, 
showed little external morphological change after 
ageing [89] but exhibited even greater deterio- 
ration in electrochemical behaviour than the cad- 
mium electrode. This is presumably due to the 
layer lattice of t3-Ni(OH)2 undergoing increased 
ordering without the involvement of soluble inter- 
mediates. 

Studies concerning the ageing of cadmium elec- 
trodes in silver-cadmium ceils have been conducted 
by Papazova et al. [90]. According to these 
workers, after 12 months' storage at 20 ~ C the 
metallic Cd particles had increased in size by at 
least an order of magnitude from 10 -4.10 -5 cm to 
10 -3 cm. It is claimed that the same relative 
increase in size could be induced after only six 
months' storage at 50 ~ C. Similarly, after storage 
at 50 ~ C an increase in Cd(OH)2 crystallite size 
was found from 10-4cm after one month to 10 -3 
cm after 12 months. 

Further studies [91] were conducted where 
anodes were stored at 20 ~ C with a period at 40 ~ C 
or 50 ~ C. According to these workers whilst the Cd 
metal content could be observed to increase in size 
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after 2�89 and 4 years, surprisingly no significant 
increase in size of Cd(OH)2 crystallites was 
detected in the electrode interior. 

Earlier studies by Yamashita and Yamamoto 
[92] have claimed that incorporation of antimony 
in the electrode structure can considerably retard 
the grain growth of metallic cadmium during long 
periods of storage. Cyclic voltammetric studies 
concerning the presence of antimony in the elec- 
trolyte were considered to show improvements in 
reversibility of the charge-discharge processes (cf. 
studies by Kadnikova et al. [38]). 

5.2. Migration of  Cd(OH)2 and dendrite growth 

An important cause of sealed cell failure or poor 
charge retention can arise from Cd metal growth 
through the separator. Such growth is usually con- 
sidered to proceed via soluble cadmate present in 
the electrolyte. However, Mayer [93] has pro- 
posed that negatively charged Cd(OH)2 particles 
can be transported electrophoretically through the 
separator. These results have been strongly criti- 
cized by several workers [94-96]. In a recent 
paper, Barnard et al. [96] have demonstrated that 
the increased solubility of cadmate at elevated 
temperatures can probably account for the 
presence of Cd(OH)2 in the separator region. 

The observation of Cd(OH)2 crystallites in the 
separator region [89, 96, 97] has been advanced 
as evidence for short-circuit generation. However, 
it seems that the large well-formed hexagonal 
platlets are unlikely to recharge via a solid-state 
route and thus provide short circuits. Nevertheless 
their presence is undesirable because they provide 
a source of soluble cadmium species which may 
help the propogation of dendrites from certain 
points on the electrode surface. 

Recently Sathyanarayana [98] has proposed 
the use of a nickel flash coating on the surface 
of the negative electrode to minimize Cd(OH)2 
and hence dendrite growth on the electrode 
surface. This nickel coating may also take part in 
the oxygen recombination reaction in the sealed 
cell and give further improvements in perform- 
ance. Both ageing phenomena and the generation 
of Cd dendrites are a direct consequence of the 
operation of dissolution-precipitation reactions in 
the negative electrode, neither of which can be 
completely controlled. 

5.3. Nickel-eadmiun alloy formation 

Levina and Rozentsveig [99] were the first to real- 
ize that nickel-cadmium alloy formation could 
take place between Ni(OH)2 and Cd(OH)2 during 
the charging process. It was demonstrated that the 
formation of 7-NisCd21 was fairly rapid at high 
temperatures and at high electrolyte concentration. 
Alloy formation resulted in a step in the discharge 
curves at potentials about 150 mV more anodic 
than the normal Cd/Cd(OH)2 discharge potential. 
Nickel hydroxide in varying amounts is usually 
present in sintered-plate electrodes because of 
corrosion of the nickel sinter during the impreg- 
nation process or as an additive to improve the 
cycle life of the plates [99, 100]. 

Pozin et al. [101] confirmed the earlier obser- 
vations of Levina and Rozentsveig [99] and 
claimed that by application of a cathodic potential 
during the impregnation process the corrosion of 
nickel could be minimized and hence the level of 
nickel cadmium alloy. Pozin et al. [102, 103] have 
proposed the use of nickel-cadmium alloys pre- 
pared by heating the component metals at 300-- 
400 ~ C as an alternative to the conventional 
impregnated nickel sinter. It was found that 
3'-NisCd21, 3q-Ni2Cd5 and/3-NiCd could be pro- 
duced. The first two materials are claimed to have 
the "),-brass structure whilst the third was con- 
sidered to have the Ti2Ni structure, but X-ray 
diffraction patterns were not presented. The 
cadmium-rich NisCd21 tended to lose Cd at 
elevated temperature giving Ni2Cds and NiCd. 

Pozin and Terentev [104, 105] have investi- 
gated the electrochemical behaviour of thermally 
produced nickel-cadmium alloys in 5.5 and 
10 M KOH. According to these workers NisCd21 
and admixtures with Ni2Cds and NiCd have open- 
circuit potentials between - 0.8 to - 0.84 V com- 
pared with - 0.86 to -- 0.9 V with respect to 
HgO/KOH for pure Cd. On discharge, all three 
alloys are claimed to discharge in the range 
- 0.74 to -- 0.78 V; however, an additional low 
potential plateau is found at - 0.2 to -- 0.4 V 
when Ni2Cds and NisCd21 are also present. It is 
unlikely that the reversible potentials of the pure 
alloys are identical and the value obtained by the 
Soviet workers merely reflects a mixed potential 
in which the most active constituent, NisCd21 
dominates. 
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Similar behaviour occurs with Cd and Nis Cd2 
mixtures, the reversible potential being much 
closer to Cd even when fairly small levels of Cd are 
present. It would seem more likely that the 
additional low potential steps in the range - 0.2 to 
- -  0.4 V are in fact due to discharge of the more 
noble phases rather than discharge of Ni to 
Ni(OH)2 as proposed by Pozin and Terentev [104, 
105]. The latter process takes place near - 0 . 8  V. 
Many of the interpretational difficulties in this 
paper appear to have arisen from the use of mixed 
phases. 

Barnard et aL [34,106] have similarly con- 
firmed the earlier observations by Soviet workers 
regarding the formation of nickel-cadmium alloy 
in the negative plate during the charging process. 
Finely-divided Ni metal produced by reduction 
of up to 20% added Ni(OH)2 by Cd was found to 
form alloy more readily than the nickel sinter 
alone. The length of the secondary discharge 
plateau due to alloy discharge was dependent as 
expected on the Ni(OH)2 content, length of time 
in the charged state and also on temperature. For 
example, electrodes containing 20% Ni(OH)2 
showed total conversion of active material to the 
alloy after charging for 1000h at 75 ~ C. 

Samples of pure 7-Nis Cd~l were obtained by 
electrochemical reduction of Ni(OH)2/Cd(OH)2 
mixtures followed by a purification procedure. 
X-ray diffraction showed the alloy to have the 
cubic v-brass structure [106] with a lattice 
parameter a0 = 8.574 • 10 -acm in good agreement 
with the crystal structure determined by Lihl and 
Buhl [107]. 

X-ray diffraction patterns for negative elec- 
trodes removed from sealed cells after trickle 
charging for 2 months at 75 ~ C showed strong 
diffraction lines at 20 = 39.19 ~ (CuKa radiation), 
highly characteristic of 3'-NisCd2~ (cf. strong Cd 
line at 20 = 38.5~ Thus alloy formation was con- 
sidered to be the cause of the stepped discharge 
curves also observed for sealed Ni-Cd cells under 
certain circumstances. Clearly such behaviour is 
undesirable because it leads to a loss in operating 
potential of more than 120 mV. 

Attempts [106] to synthesize alloy phases 
other than Ni s Cdzl by electrochemical reduction 
of various Ni(OH)2/Cd(OH)2 mixtures were 
unsuccessful. When Cd was present in excess only 
NisCd~l and Cd lines could be seen in the X-ray 

patterns, conversely when Ni was in excess 
NisCd21 and Ni lines were apparent. It was con- 
cluded at low temperatures (25-75 ~ C) that 
7-NisCd21 is the only phase present because all 
the diffraction lines could be attributed to this 
phase. Cyclic voltammetric studies [34, 106] 
showed that electrodes containing mixtures of 
Cd and NisCd21 gave double anodic peaks related 
to the galvanostatic stepped discharge profile. 
On the other hand the pure alloy gave only a single 
peak displaced by about 120 mV from the normal 
Cd peak [106]. 

Equilibrium potential measurements showed 
that the cell "y-NisCd21/Cd(OH)2/30% KOH/HgO/ 
Hg had a value of--  820 mV at 25 ~ C in agreement 
with Pozin and Terentev [ 104, 105]. It is concluded 
that the lowering in potential during discharge 
arises from a corresponding lowering in free energy 
(~ 3.8 kcal/g atom) during alloy formation. Alter- 
native causes for the stepped discharge profile such 
as discharge of absorbed hydrogen on the nickel 
sinter, surface blockage of Cd(OH)2 crystallites, 
or ohmic suppression due to a reaction distri- 
bution through the porous matrix could be entire- 
ly dismissed. 

In a later paper Pozin et  aL [108] investigated 
the electrochemical behaviour in 10 M KOH of 
mixtures of thermally produced Ni2Cds and 
NisCd21 phases, and presented X-ray diffraction 
data for these phases. The pattern for NisCd21 
was in good agreement with that obtained by 
Barnard et al. [106] showing the characteristic 
line at 20 = 39.2 ~ (CuKa radiation). The alloy 
phase NizCds shows essentially only one strong 
line at 20 = 40 ~ the others being extremely weak. 
According to Pozin et al. [108] the mixed phase 
Ni2Cds and NisCd2r has an open-circuit potential 
of- -  0.84V with respect to HgO/10 M KOH. It is 
claimed that NisCd2~ is the most reactive phase 
and discharges at - 0.75 V whilst the second step 
at --0.4V corresponds only to Ni2Cds. There is 
some uncertainty as to whether the Ni2Cds 
component also discharges in the -- 0.75 V region. 
It is suggested that the discharge plateau at 
-- 0.4 V is abnormally low due to ohmic sup- 
pression and the true steady-state potential of 
Ni2Cds should be nearer -- 0.75 V. However, 
without measurements on pure Ni2Cd5 this 
assumption is difficult to verify as discussed pre- 
viously. Certainly discharge of the more noble 
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alloy, Ni2Cds, would be expected at a lower poten- 
tial than for NisCd21. 

In addition to the claim by Pozin et  al. [102, 
103] a German patent [109] also proposes the use 
of nickel-cadmium alloys, because of their fine 
state of subdivision, for use as the negative elec- 
trode in button Cell systems. The alloy obtained 
by thermal decomposition of nickel and cadmium 
formates in a stream of hydrogen is claimed to be 
identifiable with the Hume-Rothery 3,-phase 
NisCd21, However, the X-ray evidence presented 
proposes a tetragonal crystal structure with lattice 
parameters ao = 5.56 x 10-s cm and bo = 6.08 x 
10 .8 cm and is clearly incompatible with the well- 
established ~'-brass structure [106-108]. The 
tetragonal lattice proposed (no diffraction data are 
presented) would require a diffraction line at 
20 = 38.6 ~ (CuK~ radiation). 

More recently Yasuda et  al. [110] have investi- 
gated the formation of nickel-cadmium alloy in 
charged negative electrodes stored for periods of 
up to 2 years in sealed ceils on open circuit. The 
sintered-plate negative electrodes contained ~ 6% 
Ni(OH)2 introduced by corrosion of the nickel 
sinter. Due to the extensive self-discharge of the 
plates in the sealed cell only small quantities of 
active material remained undischarged. This gave 
rise to poorly defined X-ray diffraction patterns 
for the alloy phase. After 2 years' storage a single 
discharge plateau at ~ -- 750 mV with respect to 
Hg/HgO was found together with a weak diffuse 
peak at 20 = 39.6 ~ (CuK~) considered to be due 
to Nis Cd21, but other peaks for this phase were 
not resolved. Upon re-charging the product after 
2 years' storage both Cd metal and NisCd21 peaks 
could be observed, the latter being slightly better 
resolved than immediately after storage and 
appearing at 20 = 39.2 ~ If the product after 2 
years' storage was completely discharged before 
recharging then insufficient time was allowed for 
alloy reformation and the alloy peaks were absent 
as well as the low potential step. Barnard e t  al. 

[34] have similarly demonstrated that the second- 
ary discharge step diminishes with rapid charge- 
discharge cycling. 

At variance with the studies of other investi- 
gators [103,104, 106, 108] the Japanese workers 
maintain that the alloy discharges in the range 
- -  890 to -- 880 mV as well as at -- 750 mV with 
respect to Hg/HgO/KOH. This confusing conclusion 

is based on analytical measurements which claim 
to show release of Ni(OH)2 during discharge along 
the first plateau where only Cd metal discharge is 
thermodynamically possible. Furthermore, these 
workers consider that the Ni: Cd ratio found in the 
second plateau is 1:3 rather than 5:21. There 
appears to be considerable discrepancy between 
the delivered capacities and those calculated from 
the analytical values. These large differences can- 
not be accounted for in terms of absorbed hydro- 
gen as suggested by Yasuda et  al. [110]. 

The Japanese workers also propose that an 
alloy phase in addition to NisCd21 may be present 
after 2 years' storage because of the single diffrac- 
tion line at 20 = 39.6 ~ showing a superficial 
resemblance to that for Ni2Cds (20 = 40 ~ pre- 
sented by Pozin et  al. [108]. However, even when 
the alloy diffraction line appears at 20 = 39.2 ~ 
the other lines characteristic of NisCd21 are still 
absent. In view of the uncertainty in the analytical 
measurements by Yasuda et  al. [110] it is likely 
that only a disordered NisCd2a phase is present 
showing extinction of most diffraction lines. The 
Ni2Cds phase described by the Soviet workers 
[102, 103,108] was obtained only at elevated 
temperatures and the possibility of its formation 
at room temperature seems unlikely. 

5.4. M e m o r y  e f f ec t  

'Memory effect' is a vague term used to describe a 
temporary loss in capacity or voltage when nickel- 
cadmium cells are subjected to precisely controlled 
charge-discharge cycles [111-114]. The effect 
manifests itself usually in the form of a voltage 
step of about 120 mV on discharge [113, 114] and 
is most noticeable after cells have been trickle 
charged at elevated temperatures. Because the 
memory effect can be temporarily erased by 
completely discharging followed by rapid recharg- 
ing of the cell the effect is often not considered 
to be serious. 

Nevertheless the memory effect was undesir- 
able in the NASA space fright programme [ 111 ] 
and remains equally troublesome for standby 
applications such as emergency lighting. Until 
recently the most likely cause of the memory 
effect was uncertain, but in view of the known 
behaviour of nickel-cadmium alloys discussed in 
Section 5.3 the connection seems obvious. 
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Although a hysteresis effect is found for the 
positive electrode due to shifts in reversible poten- 
tial the effect is not responsible for the stepped 
discharged curves [106]. The view previously held 
[113, 115] for the memory effect was that it was 
related to growth of Cd or Cd(OH)2 causing ohmic 
suppression. Studies [34, 73] have shown that the 
discharge potential for electrodes exhibiting large 
Cd or Cd(OH)2 crystaUites is normal in the absence 
of NisCd21. Furthermore the stepped discharge 
profile can be present when large Cd(OH)2 crystal- 
lites are entirely absent and very little Cd/NisCd21 
growth has taken place [74]. 

Yasuda et  al. [110] have similarly concluded in 
agreement with Barnard et  al. [34, 1061 that 
carbonate contamination of the electrolyte or 
Cd(OH)2 crystal growth cannot be the prime cause 
of the low potential discharge plateau. 

6. Theoretical studies concerning porous Cd 
electrodes 

Relatively advanced theoretical models to describe 
the operation of porous cadmium electrodes have 
been proposed. However, these still do not 
account fully for the known experimental charac- 
teristics of the system. Complications arise because 
of non-uniform distribution of concentration, cur- 
rent and active material within the electrode which 
change throughout charge-discharge cycling. 

Models to account for the shape of the 
potential-time curves and their dependence on 
current density have invariably involved pore 
blocking and restricted diffusion of soluble 
species. Casey and Vergette [116] consider that 
Cd utilization on discharge involves cadmium in 
three distinct regions: surface, larger pore lining 
and micropore. The latter material is claimed to be 
available only at extremely low rates of discharge. 
A 'choking index' was defined, being small when 
the free pore volume was large and vice versa. Will 
[117] has considered the development of pH gradi- 
ents within the porous electrode during charge and 
discharge. The local concentration cells formed 
between regions of different pH allow current to 
flow along the pores and this in turn is responsible 
for the non-uniform current distribution within 
the sinter. Such an effect could also contribute to 
the progressive redistribution of active material 
during cycling. 

Bro and Kang [118] have examined the 
reaction profiles in compressed Cd powder elec- 
trodes at various current densities and have pro- 
posed an empirical equation to describe the polar- 
ization behaviour. The overpotential was found to 
be very strongly dependent on current density. 
Przybla et  al. [119] have similarly developed 
empirical equations relating discharge efficiency of 
the cadmium electrode at various temperatures to 
the current density, electrode thickness and anode 
porosity. 

In a more recent series of papers Dunning et  al. 

[120 ~ 123] have developed a detailed model for 
the operation of electrodes involving sparingly 
soluble reaction products suchas Cd/Cd(OH)2. 
Both solid-state (continuous-film) and dissolution- 
precipitation modes of electrode failure are con- 
sidered. The dissolution-precipitation model takes 
into account the mass transfer limitations of 
soluble species and the changes in volume between 
the Cd and Cd(OH)2. The solubility of active 
material is shown to impose a practical limit on 
the mass transfer parameters. A mass transfer coef- 
ficient is defined which depends on diffusion rates 
and rates of crystallization or nucleation of active 
material as well as the fraction of free Cd surface. 
These workers also attempted the difficult task of 
taking into account the redistribution of active 
material within the pore.s~during charge-discharge 
cycling, a feature neglected in previous treatments. 

The model proposing electrode failure via a 
continuous film showed the Potential changing 
gradually (almost linearly) with time and did not 
predict a rapid cut-off of potential as found exper- 
imentally. On the other hand the model involving 
partial blockage of the surface by precipitated 
anodic products showed the potential to increase 
rapidly after a certain time. Dunning e t  al. [120- 
123] conceded that neither model separately 
could describe accurately the behaviour of the cad- 
mium electrode on discharge and a combination of 
processes was likely to be involved. 

Selanger [124] has developed a model to 
describe the behaviour of porous electrodes at very 
high current densities. A one-dimensional pore 
model as used by previous workers was used to 
predict the shape of the overpotential-time trans- 
ients at various current densities and the influence 
of electrode thickness and porosity. Electrode fail- 
ure at low current densities was considered to be 
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caused entirely by blockage of pores whilst at high 
rates mass transfer limitation was considered to 
predominate. The possibility of passivation via a 
solid-state mechanism was neglected. Transition 
from a pore blockage to a mass transfer limitation 
was considered to occur at 100-200 mAcm -2 at a 
porosity of ~ 60%. 

Equations [ 125] were also proposed to predict 
the shape of potential-time curves during pulse 
discharge at high rates where mass transfer was 
considered to be the only limiting feature. Accord- 
ingly the Nernst equation was used to predict the 
changes in potential arising from changes in the 
activity of the electrolyte. 

From a consideration of the molar volumes of 
the active material Selanger [126] considers that 
the Fe/Fe(OH)2 system is most sensitive to 
changes in electrode porosity whilst Cd(OH)2 is 
least sensitive. In a further paper [127] the inter- 
relation between electrode thickness and porosity 
on the efficiency of utilization of active material 
was discussed. At high rates the highest efficiency 
is given by plates having a high porosity but only 
an intermediate thickness (i.e. not the thinnest 
plates). 

Recently Micka et  al. [128] derived equations 
to describe the potential-time behaviour of porous 
cadmium electrodes during galvanostatic discharge. 
These equations take detailed account of the mass 
transfer of  ionic electrolyte species whithin the 
plates and the change of porosity during discharge. 
However, the model assumes complete reversibility 
of the electrode process and the equation describ- 
ing the variation of the potential of the Cd elec- 
trode on discharge incorporates a term only for 
the activity changes of water in the pores. This 
treatment neglects the influence of supersaturation 
of soluble cadmium species and rates of nucleation 
and crystallization of Cd(OH)2. At short times and 
high current densities these effects may be import- 
ant and would cause the e.m.f, to fall more rapidly 
than proposed by the model. It is significant that 
Micka et  al. [128] f'md lower discharge times at 
higher current densities than predicted by the 
model. However, this departure is considered to be 
due to a critical current density being reached such 
that the potential changes to -- 0.88 V with respect 
to Hg/HgO/KOH to allow a solid-state reaction to 
proceed (cf. Armstrong et  al. [68]). The critical 
point occurs at a shorter time with thin electrodes. 

Thus the efficiency of utilization is found to 
increase with electrode thickness at the expense 
of  increased concentration overpotential. Con- 
sequently, as discussed also by Selanger [127], a 
compromise must be sought regarding electrode 
thickness and concentration polarization. 

Current distribution diagrams for the porous 
Cd electrode were obtained by Micka et  al. [128] 
which were similar to these obtained by Bro and 
Kang [118]. It may be recalled that both groups 
of workers use essentially a pressed Cd powder 
electrode fabrication. According to Micka et  al. 

[128] even at the low current densities used by 
Bro and Kang [ 118] electrode passivation would 
be predicted. Micka et  al. demonstrate however, 
at very low current densities, that the Cd elec- 
trode approaches 100% efficiency and the elec- 
trode is not passivated. Pore blockage is similarly 
unimportant. The abrupt increase in polarization 
at moderate rates is attributed to both passivation 
and to a decrease in electronic conductivity of the 
active material. 
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